
High-Dose Chloroquine for Uncomplicated Plasmodium
falciparum Malaria Is Well Tolerated and Causes Similar QT
Interval Prolongation as Standard-Dose Chloroquine in
Children

Johan Ursing,a,b,c Lars Rombo,d,e Staffan Eksborg,f Lena Larson,a Anita Bruvoll,a Joel Tarning,g,h Amabelia Rodrigues,a

Poul-Erik Kofoeda,i

aProjecto de Saúde de Bandim, Indepth Network, Bissau, Guinea-Bissau
bDepartment of Clinical Sciences, Danderyd Hospital, Karolinska Institutet, Stockholm, Sweden
cDepartment of Infectious Diseases, Danderyd Hospital, Stockholm, Sweden
dCentre for Clinical Research, Sörmland County Council, Eskilstuna, Sweden
eUppsala University, Uppsala, Sweden
fDepartment of Women’s and Children’s Health, Childhood Cancer Research Unit, Karolinska Institutet, Stockholm, Sweden
gCentre for Tropical Medicine and Global Health, Nuffield Department of Medicine, University of Oxford, Oxford, United Kingdom
hMahidol-Oxford Tropical Medicine Research Unit, Faculty of Tropical Medicine, Mahidol University, Bangkok, Thailand
iDepartment of Paediatrics, Kolding Hospital, Frederiksberg, Denmark

ABSTRACT Higher chloroquine doses can effectively treat up to 93 to 96% of ma-
laria infections caused by Plasmodium falciparum carrying the resistance-conferring
chloroquine resistance transporter (pfcrt) 76T allele. The tolerability of 50 (double the
standard dose) and 70 mg/kg total chloroquine doses were assessed in this study.
Fifteen 4- to 8-year-old children with uncomplicated malaria were given 10 mg/kg of
chloroquine twice daily for 2 days and 5 mg/kg twice daily on the third day. Fifteen
additional children were given 5 mg/kg twice daily for 2 more days. Chloroquine
concentrations, blood pressure, electrocardiograms (ECGs), parasite density, and ad-
verse events were assessed until day 28. Both dosages were well tolerated, and
symptoms resolved by day 3 in parallel with increasing chloroquine concentrations.
The median corrected QT (QTc) interval was 12 to 26 ms higher at expected peak
concentrations than at day 0 (P � 0.001). Pfcrt 76T was associated with delayed para-
site clearance. Day 28 clinical and parasitological responses against P. falciparum
with pfcrt 76T were 57% (4/7) and 67% (4/6) after treatment with 50 and 70 mg/kg,
respectively. Dosages were well tolerated, and no severe cardiac adverse events oc-
curred. The QTc interval increase was similar to that found in adults taking 25 mg/kg
of chloroquine. (This study has been registered at ClinicalTrials.gov under identifier
NCT01814423.)

KEYWORDS Guinea-Bissau, Plasmodium falciparum, cardiac safety, chloroquine, pfcrt,
pharmacokinetics, tolerability, treatment

The recommended treatment for uncomplicated Plasmodium falciparum malaria is
artemisinin-based combination therapy (1). New treatment options are needed due

to the development of resistance (2). In vivo studies have shown that the response to
chloroquine is concentration dependent and that chloroquine can achieve 93 to 96%
treatment success against chloroquine-resistant P. falciparum (3, 4). Supporting in vitro
data show that the efflux pump causing chloroquine resistance can be saturated (5, 6).
However, the chloroquine concentration needed to eliminate chloroquine-resistant P.
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falciparum, the duration it needs to be maintained, and the possible toxicity of these
concentrations are unknown.

Acute chloroquine toxicity is most likely associated with high peak concentrations,
and splitting larger total doses into several smaller doses appears to be safe (3, 7). Four
previous randomized clinical trials found that double-standard-dose chloroquine di-
vided into two daily doses for 3 days was well tolerated in 536 children aged �15 years
(3, 8–10). Furthermore, a triple standard dose of chloroquine split into 2 to 3 smaller
daily doses for 5 days was well tolerated when routinely used for decades in Guinea-
Bissau (7). Nevertheless, the potential toxicity of higher chloroquine doses needs to be
studied. Of particular concern are the potential risk of cardiac arrhythmias due to
prolongation of cardiac repolarization times (QT interval) and hypotension due to
arteriolar and venodilation (11). This study assessed the safety and tolerability (includ-
ing electrocardiogram [ECG] changes and blood pressure) of double and nearly triple
the total standard dose of chloroquine used for treatment of children with uncompli-
cated P. falciparum malaria. Detailed pharmacokinetic and efficacy data will be pre-
sented in a subsequent publication.

RESULTS

Fifteen children were included in each study arm and followed until day 28. Median
age, body weight, hemoglobin concentration, axillary temperature, parasite density,
and sex distribution upon inclusion are shown in Table 1. In addition, one 8-year-old
child entered the study but was withdrawn 1.5 h after the first dose due to convulsions.
The child was given rescue treatment and recovered, and data were not used in any
analyses.

Tolerability and total doses administered. Chloroquine doses were repeated due
to vomiting after dose 1, 2, 3, and 4 in 3% (1/30), 10% (3/30), 7% (2/30), and 3% (1/30)
of children, respectively. Chloroquine concentrations measured at the time of the dose
given after the dosing when vomiting occurred (i.e., 8 to 15 h later) were within or very
similar to the 95% confidence intervals (CIs) of the median in children who did not
vomit, with one exception in which a child had a high, 6,099-nmol/liter concentration
compared to the median of 3,375 (95% CI, 2,850 to 3,900) nmol/liter. Prior to study
entry, 60% (18/30) of children vomited at home. Seventeen percent (5/30), 40% (12/30),
and 27% (8/12) of children vomited at home between doses 1 to 2, 2 to 3, and 3 to 4,
respectively. There was no significant difference between treatment arms. Vomiting did
not occur after the fourth dose in either treatment arm.

The median (range) total chloroquine doses administered were 50 (50 to 53) mg/kg
base and 70 (69 to 71) mg/kg base. In addition to chloroquine, 20 children were prescribed
paracetamol, 1 trimethoprim-sulfamethoxazole (for infection with chloroquine-sensitive P.
falciparum), and 3 amoxicillin.

Adverse events and symptom resolution. Two patients reported having convul-
sions, and one had severe itching prior to study entry. No patient reported itching or
development of a rash during the study, and the only reported convulsion occurred
1.5 h after the first dose, as described above.

Fig. 1 shows the frequency of pooled symptoms of feeling unwell or having fever or
joint pains or headache (Fig. 1A), vomiting or diarrhea or stomach pain (Fig. 1B), and

TABLE 1 Baseline characteristics of study population

Characteristic

Data for group given a chloroquine dose of:

50 mg 70 mg

Number 15 15
Ratio, male to female 6:9 8:7
Age (years) (median [IQR]) 6 (5–7) 6 (5–8)
Body weight (kg) (median [IQR]) 17 (15–20) 17 (16–22)
P. falciparum (count/�l) (median [IQR]) 19,800 (1,120–71,429) 21,739 (1,760–85,106)
Hemoglobin (g/dl) (median [IQR]) 112 (108–116) 112 (100–130)
Temperature (°C) (median [IQR]) 38 (37.4–39.1) 38 (36.5–39.4)
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sleeping or eating or drinking poorly (Fig. 1C). The symptoms were pooled to reflect
general malaise, gastrointestinal symptoms, and survival functions, respectively. Reso-
lution of all these symptoms (except convulsions and drinking poorly, which were not
reported as occurring during treatment, and diarrhea, which only occurred in one
patient) was associated with increasing chloroquine concentrations, irrespective of
whether they were analyzed as individual parameters (P � 0.01) or pooled (P � 0.001).
Symptom resolution was not affected by P. falciparum genotype, sex, age, parasite
density, or parasite positivity versus negativity during follow-up.

Chloroquine concentrations and cardiac parameters. Median capillary blood
chloroquine concentrations; corrected QT (QTc)0.4 (QTc0.4 � QT/RR0.4); QTcB (Bazett
correction); heart rate; and systolic, diastolic, and mean arterial blood pressure before,
during, and after treatment are shown in Table 2 and Fig. 2. QTc0.4 was used because
it is proposed to be the most accurate correction factor for children and adolescents
(11–14), and because the Bazett-corrected QT-interval was associated with heart rate
(P � 0.005), whereas QTc0.4 was not in this study. QTc0.4 was significantly longer during
treatment than at predose and day 28 (P � 0.001). There was no significant change in
QTc0.4 when predose and day 28 were compared. Chloroquine concentrations were

FIG 1 Symptom resolution during treatment with 50 and 70 mg/kg of chloroquine. (A) Feeling unwell,
feverish, or having joint pains or headache. (B) Vomiting, diarrhea, or stomach pain. (C) Sleeping, eating,
and drinking, White, no symptoms; stripes, moderate symptoms; black, severe symptoms.
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positively associated with QTc0.4 with a coefficient of 0.006 (95% CI, 0.004 to 0.009) ms
per nM chloroquine increase (P � 0.001) and an R2 value of 0.1. Heart rate decreased
significantly during treatment (P � 0.003) as well as over the whole study period
(P � 0.001). Study duration (P � 0.001) and temperature (P � 0.02) were significantly
associated with decreasing heart frequency, whereas chloroquine concentrations were
not. No other cardiac parameter changed significantly during treatment.

There were no instances of torsade de pointes, sudden death, ventricular tachycar-
dia, ventricular fibrillation, and flutter or syncope.

Parasite and fever clearance. Parasite density (Fig. 3A) decreased with the number
of doses taken (P � 0.001) but was not significantly associated with chloroquine
concentrations or the P. falciparum chloroquine resistance (P. falciparum chloroquine
resistance transporter [pfcrt] K76T) genotype. However, slide positivity (Fig. 3B) was
linked with higher chloroquine concentrations (P � 0.001), the pfcrt 76T genotype
(P � 0.001), and higher temperature (P � 0.001). Temperature (Fig. 3C) was not signif-
icantly associated with age, sex, chloroquine concentration, pfcrt K76T genotype, or
parasite density.

FIG 2 Cardiac repolarization time, chloroquine concentrations, and pulse rates before, during, and after
treatment. The open and black circles represent the 50 mg/kg and 70 mg/kg total chloroquine doses,
respectively.
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FIG 3 Parasite and fever clearance. (A) Median and interquartile range parasite density with the pfcrt
K76T allele. (B) Proportion of children with P. falciparum parasitemia with the pfcrt K76T allele. (C) Median
temperature and interquartile range. Black and open circles represent the chloroquine-sensitive pfcrt K76
and chloroquine-resistant pfcrt 76T alleles, respectively, in panels A and B.
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Hemoglobin. Pooled median hemoglobin concentrations (in grams per liter) were
as follows: 112 (95% CI, 107 to 117) on day 0, 99 (95% CI, 92 to 106) on day 3, 100 (95%
CI, 93 to 107) on day 14, and 109 (95% CI, 106 to 122) on day 28. Median hemoglobin
decreased significantly between days 0 and 3 (P � 0.004), did not change significantly
between days 3 and 14 or days 0 and 28, and increased significantly between days 3
and 28 (P � 0.005). Hemoglobin changes were not affected by age, sex, total chloro-
quine dose, treatment outcome, or parasite density.

Pfcrt K76T and pfmdr1 N86Y allele frequencies. Pfcrt 76T was found in 13/30
(43%) samples, and pfcrt K76 was found in 17/30 (57%) samples. Multidrug resistance
gene (Pfmdr1) N86 was found in 27/30 (90%) and pfmdr1 86Y in 3/30 (10%) samples.
Haplotype frequencies were 16/30 for KN (53%), 1/30 for KY (3%), 1/1 for TN (37%), and
2/30 for TY (7%). Haplotype frequencies among recrudescent P. falciparum were 4/5 for
TN and 1/5 for TY. The pfcrt 76T allele, but not the pfcrt 76 pfmdr1 86 haplotype TN, was
associated with recrudescence (P � 0.009).

Treatment outcome. Day 28 adequate clinical and parasitological response (ACPR)
was 80% (12/15) and 87% (13/15) after treatment with 50 and 70 mg/kg, respectively.
All treatment failures occurred in children infected with pfcrt 76T carrying P. falciparum.
There was one early treatment failure (ETF) (day 3) and two late clinical failures (LCFs)
(days 14 and 28) in the 50 mg/kg group and one LPF (day 21) and one LCF (day 21) in
the 70 mg/kg group. Day 28 ACPRs against P. falciparum with pfcrt 76T were 57% (4/7)
and 67% (4/6) after treatment with total doses of 50 and 70 mg/kg, respectively.
Children with recrudescing P. falciparum were significantly more likely to have a
positive slide on day 3 (4/5) than successfully treated children (6/25; P � 0.03, Fisher’s
exact test). Total chloroquine dose, age, sex, and parasite density at enrollment were
not associated with treatment failure.

DISCUSSION

The concentration-dependent response of chloroquine-resistant infections and the
efficacy of up to 96% of higher chloroquine doses for treatment of P. falciparum
resistant to standard-dose chloroquine has been established in vivo and in vitro (3, 4, 6).
Previous data also showed that at least triple-standard-dose chloroquine split into 2 to
3 daily doses for 5 days was routinely prescribed and taken in Guinea-Bissau (7).
Patients thus appeared to adhere to the prolonged treatment. Furthermore, malaria
prevalence and incidence decreased concurrently with routine use of the 5-day triple-
total-standard-dose treatment regimen, indicating that it was as effective as non-
chloroquine-based regimens associated with decreasing malaria indices in other parts
of Africa (15, 16). Higher chloroquine doses therefore have the potential to be used in
the treatment of multidrug-resistant P. falciparum malaria. More data on the safety and
tolerability of higher doses are needed and are partly addressed in this study.

Overall, the dosing schedules and attained chloroquine concentrations were well
tolerated, and no drug-related serious adverse events were detected during treatment.
Vomiting, a common symptom of malaria, was reported in 60% prior to study entry.
Following entry, vomiting frequency decreased over time and was not reported after
the 4th dose but appeared to be more common (although not significant) between doses
2 and 3 compared to doses 1 and 2. Vomiting was most probably a symptom of general
illness rather than a concentration-dependent adverse event, and the increase between
doses 2 and 3 is probably due to longer observation time than that between doses 1 and
2. In line with this, vomiting occurred with similar frequencies in a previous study compar-
ing 50 mg/kg of chloroquine with standard-dose artemether-lumefantrine (9). Chloroquine
is also very bitter, and the dose was repeated due to vomiting in 3 to 10% of children after
doses 1 to 4. Repeated intake of a dose due to vomiting possibly resulted in a higher but
still well-tolerated chloroquine concentration in 1 out of 7 children. No children vomited
after dose 4, suggesting that general malaise was the main factor causing vomiting. The
tolerability was in line with previous studies and decades of experience in Guinea-Bissau as
well as a study on Giardia lamblia in which children were treated with 10 mg/kg twice daily
for 5 days (7–10, 17).

High-Dose Chloroquine Is Well Tolerated Antimicrobial Agents and Chemotherapy

March 2020 Volume 64 Issue 3 e01846-19 aac.asm.org 7

https://aac.asm.org


One child was excluded due to convulsions 1.5 h after intake of the first 10-mg/kg
dose. The chloroquine dose taken by this child was the same as that used in the very
well-tolerated standard treatment regimen. Convulsions were therefore most probably
the result of malaria and not due to chloroquine toxicity.

Quinoline drugs can prolong cardiac repolarization time, causing QT prolongation
that can be associated with an increased risk of arrhythmia and sudden death, as seen
with halofantrine (11, 18). Correlating QT prolongations with drug concentrations is
challenging, as the QT interval is affected by many factors, including heart rate, age, sex,
autonomic tone, and electrolyte concentrations, all of which change during malaria
treatment (11). Nevertheless, two studies in healthy volunteers showed that chloro-
quine prolongs the QTc interval in a dose-dependent manner. The mean QTcF (Frid-
ericia correction) increased by 6.1 ms in a Thai study after intake of 600 mg chloroquine
and by 16 and 28 ms (Bazett correction) after intake of 600 mg and 1,200 mg chloro-
quine, respectively, in an American study. In both studies, QTc peaked when chloro-
quine concentrations peaked (19, 20). Thereafter, QTc gradually decreased with declin-
ing chloroquine concentrations. In line with this, the mean QTcF (Fridericia correction)
increase was 11 ms on day 2 in malaria-infected adults taking standard doses of
chloroquine (21). The 12-ms median QTc0.4 increase from baseline to before the third
dose and the 26-ms increase corresponding to the peak concentration after the 3rd dose
seen in the current study is thus in line with previous data. The lower chloroquine doses
given on days 2 to 4 maintained approximately the same chloroquine concentrations
as those attained on day 1, and in line with that, QTc0.4 did not change significantly
between days 1 to 4. The chloroquine doses used in this study are thus as unlikely
as standard-dose chloroquine to cause cardiac arrhythmias due to prolonged QTc
intervals.

No patient had QTc0.4 exceeding 500 ms; however, one patient (3%) had up to 64
ms QTc0.4 prolongation on day 1 compared to day 0. The increase could be due to
chloroquine but may be a normal daily variation that is reported to be up to 75 to 100
ms (22, 23). To further support this normal daily variation, QTc0.4 decreased by up to 58
ms on day 1 in other patients. In other studies, the maximum QTc (Bazett correction)
prolongation was 63 ms in one healthy volunteer after intake of 1,200 mg chloroquine
base and more than 60 ms (Fridericia correction) in five (3.2% of patients) between day
0 and day 2 after intake of standard-dose chloroquine for malaria treatment (19, 21).
This again suggests that the doses used in this study are as unlikely as standard-dose
chloroquine to cause cardiac arrhythmias.

Chloroquine has a negative inotropic effect at micromolar concentrations and
causes hypotension due to arteriolar and venodilation when overdosed (11). Finding no
significant change in blood pressure and decreasing heart rate corresponding to
defervescence and clinical improvement indicates that the chloroquine doses used in
this study do not have a significant negative inotropic effect. Furthermore, median
steady-state chloroquine concentrations were 2,000 to 2,500 nmol/liter when used for
the treatment of rheumatoid arthritis (24). These concentrations are only slightly lower
than those reported here, and chloroquine is generally considered to be well tolerated
when used for the treatment of rheumatoid arthritis, further supporting the tolerability
of the concentrations found.

Hemoglobin decreased between day 0 and day 3 and then gradually increased, in
line with a recent efficacy study with artemether-lumefantrine and dihydroartemisinin-
piperaquine in Guinea-Bissau (25). The lower median hemoglobin value on day 3 was
no doubt the result of malaria infection rather than any toxic effect of higher chloroquine
doses. The rapid recovery also argues against a suppressive effect of the higher doses on
red blood cell production in the bone marrow. Furthermore, the rapid recovery of hemo-
globin despite chloroquine’s slower parasiticidal effect compared to artemisinin-based
combination therapy and despite a 43% prevalence of P. falciparum resistant to standard-
dose chloroquine is encouraging.

Fever and the decrease of parasite biomass were not affected by the chloroquine
resistance genotype, indicating that the chloroquine concentrations attained were high
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enough to clear P. falciparum that is resistant to treatment with standard-dose chlo-
roquine. This is in line with the previously shown concentration-dependent response of
chloroquine-resistant infections (3, 5). However, pfcrt 76T was linked to prolonged slide
positivity, probably indicating that the genotype enabled a subset of P. falciparum
parasites to survive longer despite being exposed to chloroquine concentrations that
were sufficient to clear the majority of infecting pfcrt 76T-carrying P. falciparum.
Treatment efficacies against pfcrt 76T-carrying P. falciparum were therefore only 57%
and 67% after taking 50 and 70 mg/kg, respectively, compared to 75% and 84% ACPR
seen previously in children of ages �5 and 5 to 10 years, respectively, treated with
50 mg/kg (3). As attained chloroquine concentrations were capable of eliminating pfcrt
76T-carrying P. falciparum, a probable reason for the high rate of treatment failure was
that the concentrations were not maintained for a sufficiently long period. The num-
bers are small, but a possible mechanism is that certain P. falciparum parasites enter a
dormant stage when exposed to chloroquine, as described with artemisinins, atova-
quone, and quinine (26–28). This hypothesis is supported by unpublished in vitro data
showing that chloroquine induces dormancy and that elimination of chloroquine-
resistant and -sensitive P. falciparum is time dependent as long as parasiticidal con-
centrations are maintained. As the parasiticidal concentrations during treatment were
similar to those found during chronic treatment of rheumatoid arthritis, it is probable
that maintaining sufficiently high concentrations for long enough is safe (24). A
slow-release preparation taken once daily could possibly provide the means for doing
this. Moreover, if the chloroquine concentrations attained during treatment of rheu-
matoid arthritis are sufficient to kill chloroquine-resistant malaria, the dosage regimen
used for rheumatoid arthritis could possibly work as malaria prophylaxis.

Limitations of this study include the small number of patients. The limited age span
makes it difficult to generalize the findings to other age groups, and it is improbable
that rare adverse events would be detected. Moreover, the QT interval is affected by
numerous variables, and QT correction is fraught with potential errors that must be
considered but are difficult to avoid. On the other hand, the QT prolongation seen is
that expected to be seen outside a clinical trial in which children with uncomplicated
malaria suffer from vomiting, dehydration, electrolyte disturbances, stress, and numer-
ous other factors that all affect the QT interval.

To conclude, treatment with 50 and 70 mg/kg of chloroquine as split doses for 3 and
5 days, respectively, was well tolerated. The dosages did not affect blood pressure but
probably caused a QTc interval increase of similar magnitude to that seen when adults
take standard-dose chloroquine (25 mg/kg), suggesting that arrhythmias are unlikely to
occur with these dosages.

MATERIALS AND METHODS
Ethics and registration. The study was conducted in accordance with the Declaration of Helsinki

and Good Clinical Practice. Written informed consent was obtained from all parents or legal guardians.
Ethical approval was obtained from Ministério da Saúde Pública in Guinea-Bissau (011/CNES/INASA/
2013). The regional ethics committee in Stockholm, Sweden, approved the molecular analyses (2011/
832-32/2). The study was registered at ClinicalTrials.gov (NCT01814423).

Setting and participants. The study was conducted at the Bandim Health Center at the Bandim
Health and Demographic Surveillance Site in suburban Bissau, Guinea-Bissau, between September 2013
and January 2014. The health center is equipped with microscopes and rapid diagnostic tests for malaria
and usually has electricity but no other more advanced equipment. A portable ECG machine (Philips ECG
monitor X2) was borrowed for the duration of the study. Inclusion criteria were monoinfection with P.
falciparum without signs of severe malaria or danger signs, parasite density of 800 to 200,000 parasites/
�l, axillary temperature �37.5°C or a history of fever during the previous 24 h, age of 4 to 8 years,
hemoglobin �50 g/liter, no other significant illness, no reported intake of antimalarial drugs during the
past week, and residence within the study area.

Previous data showed that attained chloroquine concentrations are age dependent with weight-
based dosing (29). The 4- to 8-year age range was chosen to minimize the age-dependent chloroquine
concentration range attained to include children who are underdosed with standard-dose chloroquine
and to include the youngest children for whom it was feasible to do this study at our study site.

Study design. This was a single-center, open-label, nonrandomized study in which 15 children took
a total dose of 50 mg/kg of chloroquine over 3 days and 15 children took a total dose of 70 mg/kg of
chloroquine over 5 days.
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Procedures. The study schedule is outlined in Table 3. Children attending the health center on
Mondays were asked to participate. The first 10 volunteers were enrolled in the 50-mg/kg arm, the
following 10 in the 70-mg/kg arm, the following 5 in 50-mg/kg arm, and the final 5 in 70-mg/kg arm.
Children taking 50 mg/kg were seen twice daily on days 0 and 2 and once on day 3. Children taking
70 mg/kg were seen twice daily on days 0, 2, 3, and 4. All children were admitted between 9 a.m. and
6 p.m. on day 1; seen once daily on days 7, 14, 21, and 28; and assessed anytime during follow-up if the
child was unwell.

Tablets with 160 mg chloroquine-phosphate (equivalent to 100 mg chloroquine base) were donated
by Recip, Solna, Sweden. Chloroquine intake was observed. Food intake was not controlled. Treatment
was repeated if vomiting occurred within 30 min. If vomiting recurred within the next 30 min, quinine
was given intramuscularly and the child was withdrawn. Concomitantly prescribed drugs were admin-
istered and recorded.

Prior to each chloroquine dose, children and/or caregivers were asked if the child had had the
following symptoms since the previous chloroquine dose: fever; convulsions; joint pains; diarrhea;
stomach pain; itch; rash; palpitations; inability to eat, sleep, and drink; their general condition; and any
other symptoms. Symptoms were graded as not present, moderate, or severe. Additionally, the attending
nurse assessed the patient’s general condition as well, ill, or very ill based on her clinical judgment.
Axillary temperatures were measured on admission, prior to the second dose on day 0, and during each
morning during treatment.

On days 7, 14, 21, and 28 and on unscheduled visits, the clinical condition was assessed, temperature
was measured, and caregivers were questioned about their child’s general condition, the occurrence of
fever, any symptoms, hospital admission, or intake of any drugs.

Single six-lead digital ECGs were done with children in the recumbent position for approximately 15
min. ECGs were done at study entry, 9 a.m., 1 p.m., and 6 p.m. on days 1 and 28 in both study arms and
during the mornings of days 2 and 4 in the 50- and 70-mg/kg arms, respectively (Table 3). Days 0 and
28 recordings were chosen to provide before and after baseline data. Day 1 recordings were chosen
because we expected peak concentrations after the morning dose to occur at approximately 1 p.m., and
we would therefore get QT times before, during, and after the peak concentration. Days 2 and 4 were
chosen because they represented the practical time point corresponding to intake of the largest total
dose. ECGs were run at 25 mm/sec and stored electronically. QT intervals were determined in lead II
whenever possible and otherwise in the lead with the clearest ECG trace. An on-site investigator assessed
QT intervals during the study, and three investigators calculated QT intervals separately by hand at a later
time point. The mean of the three calculations is presented. All QT intervals were corrected for heart rate
using the formula QTc�QT/RR0.4, as this performed better than the commonly used Fridericia and Bazett
corrections.

Rescue treatment. Quinine was given if a child developed severe malaria. P. falciparum detected
after day 7 was treated with artemether-lumefantrine.

Laboratory methods. Children with symptoms suggestive of malaria were screened using rapid
diagnostic tests (First Response) and Giemsa-stained thick and thin smears. Species were identified and
parasite densities quantified (per 200 white blood cells) using a microscope with �1,000 magnification.
A slide was considered negative after examination of 100 high-power fields. Thick and thin films were
examined as outlined in Table 3 and whenever a child sought medical attention due to symptoms
compatible with malaria.

Hemoglobin was measured using a HaemoCue (Ängelholm, Sweden).

TABLE 3 Timetable of study proceduresa

Procedure

Data for day:

0 1 2 3 4 7 14 21 28

Total dose, 50 mg/kg chloroquine base
Chloroquine dose (mg/kg) 10 � 10 10 � 10 5 � 5
Daily visitsb 2 Admitted from 9 a.m. to 6 p.m. 2 1 1 1 1 1
ECG, BP, HRc Yes 9 a.m., 1 p.m., 6 p.m. Yes Yes
Blood sampling for microscopy Twice Twice Twice Once Once Once Once Once
Axillary temperature taken Twice Once Once Once Once Once Once Once

Total dose, 70 mg/kg chloroquine base
Chloroquine dose (mg/kg) 10 � 10 10 � 10 5 � 5 5 � 5 5 � 5
Daily visitsb 2 Admitted from 9 a.m. to 6 p.m. 2 2 2 1 1 1 1
ECG, BP, HRc Yes 9 a.m., 1 p.m., 6 p.m. Yes Yes
Blood sampling for microscopy Twice Twice Twice Twice Twice Once Once Once Once
Axillary temperature taken Twice Once Once Once Once Once Once Once Once

aHemoglobin was measured on days 0, 3, 14, and 28. Blood samples for genotyping were taken on days 0, 7, 14, 21, and 28.
bBlood samples for chloroquine concentrations were drawn prior to each dose and once daily whenever a child was visited, except for day 1 when samples were
taken hourly.

cECGs, blood pressure (BP), and heart rates (HR) were determined from recumbent children who had rested for approximately 15 min. The parameters were assessed
prior to treatment on day 0 and in conjunction with dose 6 in children taking 50 mg/kg and dose 10 in children taking 70 mg/kg.
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Exactly 100 �l of whole blood was put onto filter papers (Whatman 3MM), dried, and then stored in
individual sealed plastic bags with a desiccant (MiniPax; Sigma-Aldrich) for chloroquine concentration
analyses and genotyping as outlined in Table 3 and whenever P. falciparum was detected after treatment.

Chloroquine and desethylchloroquine concentrations were determined at the Department of Clinical
Pharmacology, Mahidol-Oxford Tropical Medicine Research Unit, Bangkok, Thailand, by a validated
method using solid-phase extraction and liquid chromatography with tandem mass spectrometry (J.
Ursing, unpublished data). The linear reportable ranges for quantification were 1.46 to 1,785 ng/ml and
2.36 to 1,785 ng/ml for chloroquine and desethylchloroquine, respectively. Three replicates of quality
control samples at low, middle, and high concentrations were included in the analysis to ensure precision
and accuracy. The observed total assay coefficient of variation was �9.0% in all quality control samples
in accordance with US Food and Drug Administration requirements (30).

DNA was extracted from two 3-mm punches of blood-soaked filter paper using a Chelex-based
extraction method. Previously described PCR-RFLP (restriction fragment length polymorphism) methods
were used to detect K76T and N86Y alleles in P. falciparum chloroquine resistance transporter (pfcrt) and
multidrug resistance genes (pfmdr1), respectively (31). New and recrudescent infections were distin-
guished by PCR analysis of merozoite surface proteins 1 and 2 and P. falciparum glutamate-rich protein
in matching day 0 and day of recurring P. falciparum samples according to WHO recommendations (32).
PCR products were resolved on agarose gels (Amresco, Solon, OH), stained with ethidium bromide, and
visualized under UV transillumination (GelDoc; Bio-Rad, Hercules, CA, USA).

Treatment outcomes. WHO criteria were used to define early treatment failures (ETFs), late clinical
failures (LCFs), late parasitological failures (LPFs), and adequate clinical and parasitological response
(ACPR) (33).

Endpoint. The primary endpoint was adverse events by day 28. Secondary outcomes included
parasite clearance rate, PCR-adjusted ACPR, and hemoglobin recovery.

Statistical analysis. Chloroquine concentrations, parasite density, body temperature, QTc, heart rate,
blood pressure, pulse rate, hemoglobin values, and age were analyzed as continuous variables. Symp-
toms were classified as present or not, as the frequency of children with severe symptoms was very low.
The presence of parasites as identified by microscopy was also dichotomized. The presence of symptoms,
presence of parasites, sex, pfcrt K76T, and pfmdr1 N86Y genotypes were analyzed as categorical variables.
Medians, 95% CIs, and interquartile ranges (IQRs) of continuous variables were estimated using quantile
regression with bootstrapping (100 repeats). The correlation between chloroquine concentrations and
the continuous and categorical variables listed above were evaluated using univariate quantile regres-
sions with bootstrapping (100 repeats). The correlations between QTc, heart rate, blood pressure,
parasite density, temperature, and chloroquine concentrations were similarly evaluated using quantile
regression but also using fixed-effects linear regression. In addition, conditional logistic regression was
used when correlating the frequency of discrete and pooled symptoms with chloroquine concentrations.
As the results obtained with the fixed effects and conditional logistic regressions were essentially the
same as the results of the quantile regression, only data from the quantile regressions are presented.
Fisher’s exact test was used to evaluate the correlation between categorical variables.
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